Objective: Literature review and meta-analysis to review the evidence of relationship between the presence of right-to-left shunts (RLSs) and the occurrence of neurological decompression sickness (DCS) in divers.
INTRODUCTION
Neurological decompression sickness (DCS) is one of the principal factors limiting the practice of both recreational and professional diving as it exposes the diver to functional and vital risks. DCS is caused by tissue ischemia from air embolism originating from the obstruction of arterial or venous blood flow. While diving, the bubble releasing arises during or after from a dive (decompression) by continued expansion of inert gases in the peripheral tissues saturated in the course of the dive. [1] [2] [3] DCS is manifested in 2 major forms: type 1 DCS involving only muscle and joint pain, fatigue, and/or skin symptoms and type 2 DCS that includes symptoms involving the central nervous system, respiratory system, or circulatory system. 4 Right-to-left shunts (RLSs) have been reported since 1986 to increase the risk of type 2 DCS and particularly neurological DCS. 5 Nevertheless, there are still no recommendations for prevention, diagnosis, and management of the diver with an RLS.
The aim of our study was to quantify the association between the presence of an RLS in the diver with the occurrence of neurological DCS and to consider the diagnostic possibilities for these shunts and their consequences for the practice of diving.
METHODS

Data Abstraction
For this investigation, we referred to the MEDLINE (www.pubmed.gov), Google Scholar (www.scholar.google. com), and Health Technology Assessment (www.crd.york. ac.uk) databases, selecting articles using the MeSH key words right to left shunt, interatrial shunt, patent foramen ovale, and persistent foramen ovale combined with the key words divers and diving. To broaden the search, we used the ''related articles'' function. This strategy was complemented by a manual search of secondary sources from the bibliographic references of the initially selected articles.
For this study, we were interested in only neurological DCS including cerebral, spinal, and vestibulocochlear DCS. At the end of this search, only articles in English and French that met the following inclusion criteria were selected:
Observational study comparing the prevalence of RLS in a group of divers with neurological DCS to that of a control group composed of divers with no history of DCS. 
Meta-Analysis
For reasons of homogeneity, only case-control studies comparing the prevalence of RLS in a group of divers with neurological DCS to that of a control group composed of divers with no history of DCS were retained for meta-analysis. The corresponding odds ratio and their confidence intervals were calculated for each study. The combined odds ratio was calculated using a fixed effects model with weighting by the inverse of the variance. The heterogeneity between studies was tested by the I 2 statistic. The analyses were performed with Stata 9.0 (StataCorp LP, College Station, Texas).
RESULTS
Review of Available Data
In 1986, Wilmshurst et al 5 reported first the case of a paradoxical air embolus in a diver with an atrial septal defect. Since then, case reports have proliferated in the literature.
In 1989, Moon et al 6 reported the prevalence of a patent foramen ovale (PFO) to be 37% in a population of 30 divers who developed DCS, a figure that increased to 61% among the 18 most serious cases. This result is significantly greater than the 5% prevalence of PFO found using the same diagnostic technique in a control group composed of 176 nondiver subjects stemming from 2 previous studies. 7, 8 Authors concluded that the presence of a PFO seems to be a risk factor for the development of DCS in divers.
At the end of our search, we were able to identify 5 casecontrol studies in which the prevalence of a RLS in divers with neurological DCS was compared with that of a group of divers without DCS, 9-13 3 cross-transversal studies in which the prevalence of RLS was measured in divers with neurological DCS, [14] [15] [16] and 4 cross-transversal studies in which the prevalence of RLS was measured in divers with no history of DCS. [17] [18] [19] [20] The retrospective cohort study of Schwerzmann et al 21 was not retained because Torti et al 15 took his series again. The other works from Wilmshurst et al [22] [23] [24] were not retained because their population sample had already been published in previous articles retained here. 9, 13 Currently, no prospective series exist that examine the relative risk of DCS for divers with this type of shunt. Among the 605 divers in the control groups, there were a total of 179 RLSs, or an incidence of 29.6%, that corresponded to the incidence of PFOs found in necroscopic series. 25 In 1998, Germonpre et al 10 found that the risk was even more significant when the RLS through the PFO was high grade (significant flow of contrast, $20 bubbles, spontaneously or after Valsalva maneuver). Among the 527 divers in the control groups, the prevalence of a high-grade RLS is no more than 14.2%. The synthesis of this search is presented in Table 1 .
Meta-Analysis
Five case-control studies have reported 277 RLS of 654 subjects. [9] [10] [11] [12] [13] Among these 5 studies, the search for RLS was limited to the diagnosis of PFO by transthoracic echocardiography in 2 cases 9,13 and by transesophageal echocardiography in 2 cases. 10, 12 In the last case, the presence of an RLS was confirmed by transcranial Doppler (TCD).
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The combined odds ratio of neurological DCS for the divers with RLSs was 4.23 (3.05-5.87). There was no significant heterogeneity among the studies (P heterogeneity = 0.34). These results are presented in Figure 1 .
In these 5 studies, a quantitative approach for RLS was employed. For our study, the RLS was qualified as high grade in the case of a spontaneous shunt, apart from all sensitizing maneuvers, in 2 cases. 9, 12 In the other 3 cases, the RLS was considered high grade in the case of large-scale passage of microbubbles or contrast through the shunt (.20 microbubbles), independent of any sensitizing maneuvers. 10, 11, 13 The meta-analysis performed upon only high-grade RLSs revealed a combined odds ratio of 6.49 (4.34-9.71). The heterogeneity between the studies was at the limit of significance (P heterogeneity = 0.07). The results are presented in Figure 2 .
DISCUSSION
This literature review of 5 controlled trials among some 654 participants suggests that divers with RLS are at higher risk of neurological DCS, with a combined odds ratio of 4.23 (3.05-5.87). The meta-analysis including only large RLS found a combined odds ratio of 6.49 (4.34-9.71).
In our study, the risk of neurological DCS increases with the size of the shunt. This result should lead to investigation based on the quantification of a functional entity rather than the search for an anatomic entity, while examining the degree of RLS. In accepting the concept that the venous bubble phenomenon is quasi-systemic during decompression, 3, 26 it is clear that all RLSs will carry more risk that they will be permeable, thus permitting the massive arterializations of venous bubbles from tissue salting out upon decompression. 27 This would explain the increase of asymptomatic cerebral lesions in divers compared with nondivers found by Reul et al, 28 via the passage of microbubbles through the physiological RLS performed by the pulmonary capillary bed. According to the work of Knauth et al, 19 the presence of multiple asymptomatic cerebral lesions detected by magnetic resonance imaging (MRI) would be found almost exclusively in those divers with high-grade RLSs detected by TCD. On his part, Schwerzmann found 5 times more cerebral lesions in divers than in nondivers, with twice as many lesions in divers with PFOs than in divers without PFOs. 21 However, these results have to be moderated by the Koch et al 20 and Gerriets et al 17 results, which do not draw the same conclusion. Effectively, they did not find any association between brain lesions and the presence of an RLS in divers. Gerriets et al 17 showed that the presence of postdive arterial gas emboli is common after routine dives in divers with an RLS and is not necessarily related to the development of brain lesions on MRI. However, in that study, divers were young (35.7 6 7.9 and 32.2 6 7.5 years). Tetzlaff et al 29 showed that MRI brain lesions are more frequent in elderly divers and correlated with decrease of mental flexibility and visual tracking performance in comparison with healthy commercial employees. The longterm clinical consequences of diving with the presence of a RLS are still unknown. In addition, even if we know that the prevalence of the PFO decreases with the age, its size goes by increasing. 25 This observation would be particularly true with the divers, as demonstrated by Germonpre who studied the evolution of the prevalence and the size of the PFO on a series of 40 divers 6-8 years after a first evaluation by transesophageal echocardiography. 30 This study showed a significant evolution of the PFO, with an increase in its permeability at 22.5% of the divers. These results could be explained by the practice of the Valsalva maneuver during the descent that favors the reopening of the PFO.
However, all neurological DCS is not due to RLS, and all divers with RLS do not have neurological DCS. Effectively, statistically, at least a quarter of divers having neurological DCS have a RLS. DCS is due to bubbles forming during the ascent and not to the RLS. Thus, in agreement with our results, RLS may represent a susceptibility to neurological DCS but is not sufficient to induce neurological DCS. 31 Therefore, there must be other factors to produce neurological DCS, such as bubble load or other susceptibility factor probably involving body tissues. In its 2006 annual diving report, the Divers Alert Network reported an overall DCS incidence of 3.6 cases per 10, 000 dives based on the contribution of over 8000 recreational divers representing more than 100 000 dives between 2004 and 2006. 32 The 2006 report described data from 1521 divers and 23 912 dives Neurological DCS (n = 53) Recreational (n = 59) and professional (n = 2) divers TTE 23 (43) 14 (26) Control (n = 63) Recreational divers TTE 15 (24) 8 (12.7) Cross-sectional Studies Klingmann et al It reported a type 2 DCS incidence of 1.25 cases per 10 000 dives and a neurological DCS incidence of 0.84 cases per 10 000 dives (dive fatalities not included). The increase in absolute risk of neurological DCS due to RLS cannot be calculated with an odds ratio but seems to be small. In primary prevention, the screening of shallow water recreational divers is probably unnecessary. Recreational divers should be informed of the risk of RLS in one-quarter of cases, as well as of the potential consequences and diagnostic possibilities. 25 In professional diving, however, the presence of a RLS exposes divers to a double risk: in the short term, represented by neurological DCS, and, in the long term, still not evaluated, represented by infraclinical cerebral lesions. Despite a low incidence of DCS, 19 but because of a high gas bubble load, military or commercial divers should undergo systematic screening of RLS with TCD. In cases of positive TCD, it should be recommended that professional divers with RLS reduce the venous bubble load by developing different decompression procedures (limiting speed of ascent), limiting bottom time or using appropriate oxygen-enriched breathing mixes, and adapting their practice to the level of risk in relation to the size of the shunt.
In secondary prevention, the question of transcatheter PFO closure arises. The effectiveness of transcatheter devices has not been proven; to date, no scientific evidence exists regarding the closure of a PFO to prevent DCS. As such, in secondary prevention, transcatheter devises in recreational divers should not be proposed. However, the question of percutaneous PFO closure in secondary prevention for professional divers remains. Braun et al 33 reported a series of 307 consecutive patients who underwent percutaneous closure of PFO because of paradoxical embolism. The implantation was successful in all patients. Complete PFO closure was achieved in 81%, 94%, and 96% after 6 months, 1 year, and 2 years of follow-up, respectively, and all patients with a residual shunt had a significant reduction of the shunt degree after device implantation. Two percent of patients had minor periinterventional complications (transient ST-segment elevations and arteriovenous fistula), and 1% of patients had major periinterventional complications including transient ischemic attack (completely resolved within 8 hours) and dislodgement of the device. There were no irreversible cerebral or peripheral ischemic events or death during the procedure. There were no deaths related to the intervention (median follow-up, 24 months; range, 3-51), but 2 patients required surgical removal of the device (device malalignment and device adherent thrombus). These results show that the interventional PFO closure is safe and is an effective technique with a high success rate. Moreover, 7 divers have benefited from the occluded devices to prevent recurrence of neurological DCS. 34 These divers were allowed to return to diving and experienced no further neurological decompression episodes; however, risk reduction is difficult to conclude in this instance and randomized clinical trials would be required to make such a determination. This type of study would be difficult to undertake, particularly from an ethical standpoint: it would be difficult to allow a subject with a history of DCS and RLS to dive knowing that he would be exposing himself to a major risk. Thus, in secondary prevention of professional divers, in the event of a positive TCD and in the absence of other causes of DCS, the workup should progress to transesophageal echocardiography in search of a PFO. In the case of a PFO, a percutaneous closure procedure could be considered. The closure effectiveness should be confirmed by a repeat TCD at a later date, after endothelialization of the prosthesis. The persistence of a RLS would be contraindicated to the diver continuing his professional activities.
CONCLUSIONS
The bullous phenomenon in the course of a dive occurs systematically at the time of decompression by venous release of inert gas by tissues saturated during compression. Usually, the pulmonary filter limits the arterialization of venous bubbles. In the diver with a RLS, whether cardiac or pulmonary, this filter loses its efficiency, causing a risk of cerebral lesions, both symptomatic and asymptomatic. The gravity of this risk corresponds directly to the magnitude of the shunt that can be detected and quantified by TCD. However, because of a low FIGURE 1. Odds ratio of neurological DCS in subjects with RLS (case-control studies).
FIGURE 2.
Odds ratio of neurological DCS in subjects with high-grade RLS (case-control studies).
incidence of neurological DCS, increase in absolute risk of neurological DCS due to RLS seems to be small.
In recreational diving, the systematic screening of RLS does not seem to be necessary. However, chronic exposition of divers to possible DCS and the unknown long-term consequences of cerebral asymptomatic lesions suggest that professional divers should undergo systematic screening of RLS for recommendations to reduce the venous bubble load. In secondary prevention, in the absence of other causes of DCS, the 4.23-6.49 odds ratio of neurological DCS of divers with RLS warrants future research examining PFOs and the need to consider a percutaneous closure procedure.
